HeAltH rIsks from wAter AnD new cHAllenges for tHe future acts to generate by-products [2, 3] . Many by-products identified in swimming pools also occur in drinking water [4, 5] . Disinfection by-products occurring at higher concentrations both in drinking water and swimming pools are trihalomethanes (THMs) and haloacetic acids (HAAs). Haloacetoaldehydes, especially trichloroacetaldehyde (chloral hydrate, CH), have also been identified in swimming pools [6] . The presence of nitrogen-containing organic matter from bathers leads to the formation of nitrogenated by-products such as chloramines (mochloramine, dichloramine, trichloramine), haloacetonitriles (HANs) [7] and carcinogenic nitrosamines [8, 9] . Trichloramine is a volatile, irritant compound of penetrating odor, whose main precursors are urea, ammonium ions and α-amino acids [10] . A survey conducted in 86 swimming pools in Seoul, Korea, showed that HAAs occurred at highest concentrations in all swimming pools, regardless of disinfection method, followed by THMs, CH, and HANs [11] . Haloacetic acids also occur in air of swimming pools, in the form or aerosols [12] . Although more than 600 DBPs have been identified, this figure represents less than 50% of total organic halides, and new by-products are to be identified [5] .
The formation of DBPs in swimming pools depends on several factors, including the amount of precursors in the water. Levels of THMs in water are correlated with the number of people in the pool, water temperature, and the amount of total organic carbon [13] . Air-water THM concentrations are highly correlated [14, 15] , and it has been shown that both THM and trichloramine levels in air increases with the number of swimmers [14, 16, 17] and is also influenced by the volume of total air in the hall [16] . Higher levels have been observed in winter compared to summer, depicting that low air exchange rate in winter lead to accumulation of pollutants [16] . Outdoor compared to indoor pools tend to show higher THM levels in water [18] . Air trichloramine levels are associated with bather loading [19] , air temperature and pH [16] .
Many by-products of chlorination are genotoxic [4] . However, the mutagenic or genotoxic potency of swimming pool water has been evaluated in very few studies. Mutagenicity was assessed by Richardson et al. [5] in samples collected in Barcelona, Spain. The authors concluded that swimming pool waters were as mutagenic as typical drinking waters [5] . Genotoxicity of water concentrates from recreational pools after various disinfection methods was evaluated by Liviac et al. [20] , showing that all disinfected recreational pool water samples induced more genomic DNA damage than the source tap water. They also found that the type of disinfectant and illumination conditions altered the genotoxicity of the water. A previous study evaluated genotoxicity of swimming pool water, observing strongest potencies in the low-molecular weight fraction [21] . The implications are that removal of DBPs with higher genotoxic potential requires membrane treatment with low-molecular weight cut offs, which is an advanced treatment not generally used in swimming pools. Later, it has been shown that pool water quality could be improved with nano-and ultrafiltration, compared to the conventional treatment [22] .
Alternative disinfectants used in swimming pools include advanced processes like ozonation, coppersilver ionization, UV radiation, among others. Some of them (e.g. ozonation) are used in combination with chlorination. The formation of chlorination by-products are reduced by the use of these alternative disinfection methods, as illustrated by a study conducted in Seoul, Korea, where THMs, HAAs, HANs and CH levels were lower in chlorine/ozone swimming pools compared to only chlorinated pools [11] . However, these alternative disinfection processes still involve the formation of by-products of concern [23, 24] . For example, bromate is generated by ozonation if bromine is present in the water [25] . Bromine-based disinfectants are also used in some swimming pools and spa, where brominated DBPs are produced in highest concentrations [15] .
Disinfection by-products are regulated in drinking water in most western countries, where trihalomethanes and bromate are routinely measured [26] , as well as haloacetic acids in the US [27] . The World Health Organization suggests that trichloramine should be monitored in swimming pools and the recommended guideline is set at 0.5 mg/m 3 [1] . However, this recommendation is not included in the local regulations for swimming pools, and DBPs are not controlled in swimming pools on a regular basis.
HUMANEXPOSURE
Exposure to DBPs in swimming pools occurs mainly through inhalation of volatile DBPs or aerosol containing DBPs and through dermal absorption of skin-permeable DBPs. Volatile DBPs include THMs and trichloramine, among many others [7, 28] . Swimming pool attendance represents a relevant contribution in the total burden of THM exposure, especially when subjects drink bottled water [29] .
Human exposure to THMs in swimming pools has been evaluated in several studies that measured THMs in blood, exhaled air and urine. While the four THMs (chloroform, bromodichloromethane, dibromochloromethane and bromoform) can be measured in exhaled air, only chloroform is usually detected in blood [30, 31] . Chloroform and bromodichloromethane are the only THMs detected in urine [32] . In consequence, it has been suggested that alveolar air would be the most sensitive exposure biomarker [33] , particularly at low environmental levels [34] . Level of physical activity is correlated with internal dose [15, 17, 31, 35, 36] . The relative importance of inhalation vs. dermal absorption has been evaluated for chloroform. Lévesque et al. [37] dissociated the dermal from the inhalation exposure routes in 11 male swimmers and measured alveolar chloroform levels, concluding that approximately 24% of body burden resulted from dermal absorption. Erdinger et al. [38] found that blood levels were highly correlated with air levels and poorly correlated with water concentrations, suggesting that that inhalation would be more important than dermal absorption and estimated that one third of the total burden is taken up over the skin. On the contrary, Lindstrom et at. [39] estimated that dermal exposure accounted for 80% of the blood concentration, based on alveolar air measurements in 2 elite swimmers.
Although HAAs are non-volatile and have little skin permeability, swimmers may be exposed through inhalation of aerosol [12] . Internal dose of HAAs in 49 swimmers and pool workers has been measured in urine by Cardador et al. [40] . Dichloroacetic (DCAA) and trichloroacetic (TCAA) acids were detected in urine among workers after two hours of exposure. After 1 h swimming, TCAA, DCAA and monochloracetic acid (MCAA) were detected in swimmers at concentrations much higher than those measured in workers. Similar results were obtained from swimmers in an outdoor pool due to accidental ingestion. The authors estimate that ingestion is the major route of exposure (94%), followed by inhalation (5%) and dermal contribution (1%). Personal exposure assessment using biomarkers has not been conducted for other DBPs.
RESPIRATORYHEALTH
First evidence that swimming pool environment can be toxic for respiratory health come from case reports of acute intoxication in swimming pools due to accidental chlorine exposures [41] [42] [43] [44] . Symptoms described by these cases vary according to the level of exposure and include eye and airway irritation, cough, wheezing and shortness of breath, and in worst cases, respiratory impairment requiring mechanical ventilation [45, 46] . Epidemiological studies have mainly been focused on three specific populations: pool workers, professional swimmers and children. Workers and elite swimmers are highly exposed populations, and children are particularly vulnerable to environmental insults.
Occupational exposure
Swimming pools are the occupational environment of lifeguards, swimming trainers and professional swimmers. This chronic occupational exposure has been studied in relation to respiratory symptoms. Massin et al. described in France that trichloramine levels in swimming pools' air were associated with the prevalence of eye and nasal irritant symptoms among 334 lifeguards working in the pools, but not with the prevalence of chronic respiratory symptoms such as bronchial hyperreactivity [47] . Jacobs et al. also found that among 624 swimming pool workers in The Netherlands, lifeguards and swimming trainers had higher prevalence of nasal symptoms but not bronchial hyperreactivity than other workers not directly exposed to the swimming pool environment [48] . In Italy, a study among 115 swimming pool workers found that those exposed to higher DBP levels (measured with THM in exhaled breath) had higher prevalence of asthma, although only 10 asthmatics were included [49] . In a water park in US, lifeguards had higher prevalence of cough, shortness of breath and wheezing than workers not directly exposed to the pool environment [50] . Due to the cross-sectional design of these studies, a healthy worker effect could have occurred in the studies; i.e., self-selection by workers, with sensitive subjects quitting or avoiding this job. On the other hand, Thickett, et al. described 3 cases of occupational asthma due to trichloramine sensitization in swimming pool lifeguards [51] .
Elite swimmers Different studies have described higher prevalence of asthma or respiratory symptoms among swimmers than among other competitive athletes [46, 52, 53] . In 2008, Goodman and Hays published a meta-analysis including 6 studies and found a higher prevalence of asthma among swimmers compared to other elite athletes (OR = 2.57; 95% CI = 1.87-3.54) [54] . The authors stated that asthmatics are more frequently found among swimmers but that the cause of this association is not clear. The chronic exposure to the irritant environment could lead to an increased airway inflammation and more asthma symptoms among swimmers [55] . On the other hand, asthmatics may be more prone to choose swimming compared to other sports and therefore more asthmatics are found among swimmers. Swimming is one of the less asthmagenic and more safe sports to practice for asthmatic patients [56, 57] and it is the recommended sport for them [58] . In 72 young competitive swimmers, Levesque et al. found that those exposed to higher levels of trichloramine in air had higher prevalence of upper respiratory symptoms [52] . Recent studies have described also higher prevalence of asthma symptoms among competitive swimmers than among the general population [59, 60] . In summary, swimmers have higher prevalence of asthma compared to other athletes. However, the direction of the association is not clear and both chemical exposure and the preference of swimming among asthmatics may be responsible for the detected association [53] [54] [55] .
Children
The possibility that the exposure to the swimming pool environment can affect respiratory health of recreational swimmers and especially among children has raised concern in recent years [55, [61] [62] [63] [64] [65] [66] [67] [68] [69] . If a causal association were detected, public health implications would be relevant [63] . On one hand, asthma is among the most common chronic diseases in children [70] , with an increasing incidence, prevalence, morbidity, mortality and economic cost in recent decades [71] . On the other hand, swimming HeAltH rIsks from wAter AnD new cHAllenges for tHe future is one of the most practiced sports in western countries [72] , where sedentarism and obesity are increasing, especially among children [73] .
First studies were conducted in Belgium [74] [75] [76] , Germany [77, 78] and Italy [79] . The studies in Belgium found an increased risk of childhood asthma among atopic children related to both indoor and outdoor pool attendance, while the other studies did not. A metanalysis including these studies showed that the OR of having asthma was not increased with pool attendance among children [54] . However, several shortcomings were identified in the exposure assessment and the characterization of asthma [63] . Since then, two studies have been published in Belgium [80, 81] . Among 430 children at 6 years of age, an increased risk of bronchiolitis, but no wheezing or other respiratory symptoms, was found among those with higher pool attendance [81] . An increased risk of asthma was also found among adolescents with higher chlorinated pool attendance [80] . A small study in Ireland [82] found a significant association between asthma and the number of years attending pools among adolescents, but not with the frequency of attendance. A larger Spanish study found a null association among children 10 to 12 years old [83] . All epidemiological studies until that moment used a cross-sectional design with retrospective assessment of swimming pool attendance, which could have introduced recall bias, exposure misclassification and reverse causation [55, 62, 63] .
The first longitudinal prospective study used data from the ALSPAC child cohort in UK [84] . The study analysed 5738 children with data on swimming pool attendance collected at different time points during childhood and with data on respiratory health assessed with questionnaires and spirometry. The results indicated that swimming did not increase the risk of asthma, atopy or any respiratory and allergic symptom in children at 7 or 10 years of age [84] . On the contrary, swimming was associated with increased lung function and with a decreased prevalence of current asthma among children with previous respiratory conditions. This occurred regardless of the socioeconomic status of the family. This positive association between swimming and lung function could be explained by the benefits of physical activity on the respiratory health. In fact, there is growing evidence that physical activity during childhood [77, 85, 86] or during adulthood [87] may decrease prevalence of allergic rhinitis [77] , bronchial hyper reactivity [87] and asthma development [85, 86] . If the results detected in the ALSPAC cohort are further confirmed, swimming would not only be a safe sport for people with asthma [56] but also may help control asthma symptoms [84] . Other recent studies also suggest that people with asthma may improve their asthma symptoms with swimming [54, 56, 88, 89] .
The inconsistency of the results among studies may reflect true differences in the association between swimming and childhood asthma (due to different patterns of pool attendance or different level of irritants in the swimming pools) or may relate to methodological aspects. Only a few epidemiological studies have reported trichloramine levels [75, 80, 83] and overall levels were below the 0.5 mg/m 3 recommended by the World Health Organization [1] . Concerning the methodological differences, the studies with null associations [77, 78, 83, 84] are based on large and population-based samples, whereas the studies with positive results are based on smaller datasets [74-76; 80-82] . Epidemiological studies on the topic are complex and several limitations still have to be overcome in future studies. If an association between swimming and asthma in childhood exists, the direction of the association, and therefore its causality, should be clarified. On one hand, a healthy swimmer effect may occur (i.e. children with asthma abandon swimming and therefore healthier children are found among studied swimmers) but also the other may occur since swimming is a recommended sport for asthmatics. This selection bias is not directly solved in a longitudinal study and should be carefully addressed in the studies. Exposure assessment should be also improved with more data on the levels of potential irritants in swimming-pool's air and with validated questions on swimming pool attendance. Furthermore, swimming in pools entails two kinds of exposures with an impact on the respiratory health: chemical (or biological) exposure and physical activity. Finally, future studies should measure potential confounding more carefully, especially other forms of physical activity.
Baby swimming, i.e. swimming pool attendance during the first year of life, has become a popular activity in many countries. This is a vulnerable period of life, and some studies have evaluated the effect of this activity on the subsequent respiratory health of the children. Overall, no increased risk of wheezing or respiratory infections has been observed, but inconsistent results have been described among baby swimmers with atopic mothers [90, 91] .
Although further studies are still needed, most of the scientific evidence does not support the hypothesis that recreational swimming increases the risk of childhood asthma. The benefits of swimming (prevention of obesity, diabetes, etc) seem to largely outweigh the potential risks of chemical contamination, as concluded by the Superior Health Council of the Belgian Government [92] . Based on the precautionary principle, this report by the Belgian Government does not encourage swimming in chlorinated pools during the first year of life especially among babies with atopic or asthmatic parents. They argue that the health benefits of baby swimming are less pronounced that swimming after being 3 or 4 and these benefits may be acquired with other activities.
CANCERANDADVERSE REPRODUCTIVEOUTCOMES
Epidemiologic evidence indicates that exposure to THM, the most concentrated DBP, relates to an increased risk of bladder cancer [93, 94] . Only one study have assessed specifically this exposure through swimming pools and found increased bladder cancer risk among subjects who had attended swimming pools [95] . Nelemans, et al. [96] observed a positive association between a history of swimming and melanoma risk, suggesting that carcinogenic agents in water, possibly chlorination by products, play a role in melanoma aetiology. Evidence for an increased risk of other types of cancers have not been evaluated in relation to exposure through swimming pools. Other health risks that have been studied in relation to DBP exposure are adverse reproductive outcomes. Small DBP molecules can pass from the mother to the foetus through the placenta [97, 98] . Evidence from animal experiments shows a range of adverse reproductive effects, including sperm toxicity, teratogenicity, and reduced fetal growth [99] . Epidemiological studies reported inconsistent results [99, 100] , but recent reviews and meta-analysis indicate little or no evidence that THM exposure through different routes during pregnancy is associated to fetal growth [101] and congenital anomalies [102] . Specific studies on exposure through swimming pools overall also indicate no effect on adverse birth outcomes [103] [104] [105] . A recent study has described lower testicular hormone levels among Belgian adolescents having attended indoor chlorinated pools [106].
SHORT-TERMMOLECULARCHANGES INHEALTHYADULTS:THEPISCINASTUDY
In order to provide evidence on mechanisms of action of DBP exposure, an experimental study in 50 healthy adult volunteers was conducted to evaluate a battery of biomarkers of genotoxicity and lung damage after swimming in a chlorinated pool.
General study design
An experimental study consisting of a before-after comparison was conducted in Barcelona, Spain, in 2007. Fifty non-smoking adult volunteers, after signing informed consent, swam for 40 minutes in a chlorinated pool. THM levels were determined in pool air and water, water mutagenicity, THM levels in exhaled air, micronuclei and the comet assay in peripheral blood lymphocytes and urine mutagenicity. Blood and exhaled breath condensate (EBC) were collected and lung function and FENO were measured before and after the exposure event. CC16 and SP-D were measured in serum and 8-isoprostane and cytokines in EBC. Urine samples were collected before and 2 weeks after the swimming session. Chronic respiratory symptoms, usual swimming habits, water use, diet and lifestyle factors were collected through an extensive questionnaire. In addition, gas chromatography (GC)/mass spectrometry (MS) was used to comprehensively identify DBPs in pool waters. More detailed methods have been published [5, 107, 108] .
Exposure
The mean level of free chlorine in pool water (1.28 mg/L) was similar to that found typically in drinking water [5] . More than 100 DBPs were comprehensively identified in the pool waters and all contained either bromine or chlorine and no iodinated DBPs were detected. Most DBPs had not been reported previously for swimming pool waters [5] . Total THM levels in pool water were around 50 μg/ L and 72 μg/m 3 in air [5] . After swimming, THMs in exhaled breath of swimmers increased on average about seven-fold. No differences were observed by age group, sex, or body mass index [107] . The measured THM concentrations in exhaled breath constitute about one eighth of the ambient indoor concentrations [15] . Chloroform levels in exhaled breath were significantly correlated with levels in the swimming pool air, but not with water levels. Dichloramine in water was inversely and significantly correlated with brominated THMs but not with chloroform in water, air, and exhaled breath. Free chlorine in water was not significantly correlated to total THMs in water but was significantly correlated to total THMs in air and exhaled breath. The energy expenditure of volunteers correlated significantly only with bromoform concentration in exhaled breath after swimming [107] . Trichloramine in water was undetectable and trichloramine in the air ranged from 0.17 to 0.43 mg/m 3 (mean, 0.29 mg/ m 3 ), which is below the World Health Organization recommendations of 0.5 mg/m 3 [5] .
Respiratory outcomes
Molecular markers measured included biomarkers of airway inflammation (exhaled nitric oxide -FENO-and cytokines in EBC), oxidative stress (8-isoprostane), lung permeability and immunological response (surfactant protein -SP-D) and lung damage (Clara cell protein -CC16-). We detected no significant changes in lung function (percent predicted FEV1, FVC, FEV1/FVC), airway inflammation (measured with FeNO and cytokines in EBC) or oxidative stress (measured with 8-isoprostane in EBC). The concentration of CC16 in serum, which is a marker of lung epithelium permeability, was increased slightly but significantly after swimming 40 minutes, with an overall median increase of 0.47 μg/L (3.3% increase) [107] . The increase in serum CC16 concentration was significantly correlated with different indicators of DBP exposure (negatively with dichloramine in water and positively with free chlorine in water and bromodichloromethane, dibromochloromethane, and bromoform in exhaled breath) and with energy expenditure, an indicator of physical activity. In multivariate models, both energy expenditure and markers of DBP exposure remained significantly associated with the increase in CC16 after mutual adjustment suggesting that these exposures may contribute to the change in lung permeability [107] . However, given the moderate increase detected, the high variability in CC16 HeAltH rIsks from wAter AnD new cHAllenges for tHe future levels in healthy subjects [109] and the lack of reference values of CC16, the clinical relevance of this short-term effect is unclear [110] and further studies are necessary to establish the health impacts of short-term serum CC16 changes [109, 111] .
Genotoxicity
The comet assay was conducted in peripheral blood lymphocytes (PBLs). One hundred cells selected randomly (50 cells from each of the two replicate slides) were analyzed per sample. Olive tail moment (OTM) and percentage of DNA in the tail, used as measures of DNA damage, were computed using Komet software, version 5.5 (Kinetic Imaging, Liverpool, UK). The micronuclei (MN) assay was conducted in PBL and urothelial cells. To determine the frequency of binucleated cells with MN and the total number of MN, a total of 1000 binucleated cells with well-preserved cytoplasm (500/replicate) were scored for each subject. In addition, we scored 500 lymphocytes to evaluate the percentage of cells with one to four nuclei and calculated the cytokinesis block proliferation index. The frequency of urothelial cells with MN and the total number of MN were determined for each analyzed subject. We used generalized estimating equations (GEE) to assess associations between THM exposure and changes in genotoxicity markers before and after swimming [108] . A statistically significant increase was found for PBL MN in relation to changes in total THMs in exhaled air. This increase was more pronounced for brominated compounds and was not statistically significant for chloroform. No changes were found for the comet assay. We found no significant associations with changes in micronucleated urothelial cells. Adjustment for several potentially confounding factors did not modify results [108] .
OVERALLCONCLUSIONS
The health effects that have been evaluated in relation to DBP exposure in swimming pools include adverse reproductive outcomes, carcinogenicity and respiratory outcomes. Epidemiological evidence does not support an increased risk of reproductive outcomes after swimming in pools during pregnancy. However, a study suggested an increased risk of bladder cancer with swimming pool attendance, although results are far from being conclusive. Extensive research has been conducted to evaluate respiratory outcomes associated with swimming pool attendance. Evidence indicates that the association between asthma risk and swimming depends on the target population [54] . A higher prevalence of respiratory symptoms including asthma is found among those occupationally exposed to the pool environment, although the causality of this association is uncertain. Studies in children are less conclusive but the only longitudinal and prospective study indicates that asthma is not increased by swimming pool attendance [84] . Overall, the available evidence supports that the health benefits of swimming during childhood and adulthood outweigh the potential health risks of chemical contamination [92] . However, the positive effects of swimming should be increased by minimising potential risks. Given the high public health relevance of the topic and the existing uncertainties, further research is needed to draw final conclusions about the risk of respiratory problems during childhood for swimming in well maintained swimming pools. The maximum level proposed for trichloramine in air as provisional guideline [1] should be revised [112, 113] and regulated. Also, the potential carcinogenicity of this environment should be further explored. Efforts should be done to identify which specific DBPs are responsible for the toxicity, to be monitored DBPs in swimming pools [92] .
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